Residential energy use is a significant contributor to greenhouse gas emissions and climate change. Reducing energy efficiency in conventional wood-framed houses are thermal bridges: direct paths that allow heat to flow through the studs instead of the insulation. One suggestion for reducing thermal bridging is the staggered stud (SS) wall. SS walls use 2×6 bottom and top plates with 2×4 studs alternating between sides of the wall. This allows sheathing to be applied to both sides while eliminating thermal bridges. A literature review revealed a lack of laboratory test data for SS walls used as shear walls, raising concerns about their safety. The objective of this study was to evaluate the seismic performance of typical SS walls and compare their behavior to similar conventional walls. Monotonic tests and cyclic laboratory tests with and without gypsum wallboard were conducted. The staggered stud specimens performed similarly to conventional walls. Some minor differences were identified, but the data raised no immediate concerns with use of SS walls as an energy efficient option in areas of seismic hazard.
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2 full wall efficiency. Extrapolating from their data suggests that the full-wall efficiency of the SS wall is about 2.6 (15 ).
Although there is experience using SS walls as party walls, when used as exterior walls for energy efficiency, SS wall will often be employed as shear walls. This touches on a broader concern with innovative designs that aim to reduce environmental impacts: the potential for inadvertently increasing natural hazard risk in an effort to rush use of new, untested solutions. While energy efficiency is an important consideration for sustainability, it is also important to maintain occupant safety (see Kestner, et al., 2010 for a full discussion of sustainability as it relates to structural engineering). FEMA (2010) recognized the link between natural hazards and sustainability in residential construction and specifically identified staggered stud walls as presenting possible concerns under wind or seismic loading. Despite this, the structural building code treats staggered-stud walls no differently than conventional walls. While it could be argued that a staggered-stud shear wall is no different than a conventional wall with plywood on only one side, an extensive review of the literature highlighted a lack of laboratory test data to quantify the seismic behavior of such walls. The objective of this study was to evaluate the seismic performance of typical SS walls and compare their behavior to similar conventional walls. Monotonic tests and cyclic laboratory tests with and without gypsum wallboard (GWB) were conducted. These tests and the results are described next. Conclusions and limitations appear at the end of the paper.
MATERIALS AND METHODS

Test Setup and Instrumentation
The test setup and instrumentation are illustrated in Fig. 2 . All wall specimens were placed on a steel base and secured by anchor bolts and hold-downs at each end of the wall. The tops of the walls were secured against movement perpendicular to the wall (out-of-plane) by struts located at each corner. Load was applied at the top through a steel beam attached at various points on the top plate. The steel beam was moved in displacement control by a servo-controlled actuator with a capacity of 110 kN (25 kips) and a stroke of ±130 mm (5 in).
A load cell built-in to the actuator measured the applied force. The displacement signal from the actuator was used to measure the displacement of the steel beam. The relative displacement between the steel beam and the top plate was measured to allow for correction of relative motion between the two. At M a n u s c r i p t
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3 the base of the wall, uplift was measured at each end as was the slip between the wall and the foundation.
The data acquisition system recorded at five samples per second in monotonic tests and ten samples per second in cyclic tests.
An optical measurement instrument based on the principles of digital image correlation (DIC) was used to track out-of plane displacements of the studs during monotonic tests (DIC displacement measurements were captured at a rate of one sample every ten seconds). DIC is a full-field, non-contact technique for measurement of displacements and strains (Sutton et al. 1983 ). The application of DIC for shear wall assemblies have been previously demonstrated successfully by Sinha and Gupta (2009) , where the reader is directed for more background. The setup consisted of a pair of cameras arranged at an angle to take stereoscopic images of the area of interest. Speckled targets were attached to the top plate and select studs. The images were processed using Vic 3D (Correlated Solutions, 2010) .
Loading Protocols
Monotonic tests were loaded at a constant displacement rate of 6.4 mm/min (0.25 in/min). The walls were pushed to a deflection of 130 mm (5 in) or beyond, unless a clear failure was observed at a lower deflection or, as occurred in two tests, the sheathing was observed to impinge on the steel foundation. Distress in the wall was noted in real time and brief stops were made at increments of 13 mm (0.5 in) if necessary to photograph interesting behavior. All specimens were photographed before and after the test. The loading protocol is consistent with ASTM E564 (ASTM 2006).
The cyclic tests were loaded according to ASTM E2126 (ASTM 2010). The ASTM standard allows for three different cyclic protocols. Test method 3 (CUREE basic loading protocol) was used for these tests. The loading protocol, shown in Fig. 3 , is defined by a reference deflection obtained from monotonic tests. In these tests a reference deflection of 76.2 mm (3.00 in) was used. The displacementcontrolled loading protocol imposes well-defined loading cycles to the specimen. It begins with six small cycles and then imposes main cycles at magnitudes of 5%, 7.5%, 10%, 20%, 30%, 40%, 70%, 100%, and 150% of the reference deflection. Each main cycle is followed by a specified number of smaller cycles before the next main cycle is applied. The loading was applied at a rate of ten seconds per cycle.
M a n u s c r i p t 
Specimens
The types of specimens tested were selected to compare the behavior of staggered stud walls to the behavior of conventional walls. Both 2×4 and 2×6 walls conventional walls were tested in the monotonic tests. Because walls with GWB are known to have a higher strength but lower ductility (van de Lindt, 2004) , specimens with and without GWB were tested. The resulting test matrix is provided in Table 2 . Specimen types are denoted C4 for 2×4 conventional walls, C6 for 2×6 conventional walls, and SS for staggered stud walls.
All specimens were designed to conform to the 2006 This works out to 17.1 kN (3840 lb) for the 2.44 m (8 ft) wall. When used, GWB was attached horizontally and attached with drywall screws every 305 mm (12 in) on every available post or stud. The horizontal arrangement was used to eliminate the need for cutting GWB panels to match up with the staggered stud arrangement. Because of the staggering of the studs, the SS walls used 33 drywall screws M a n u s c r i p t
N o t C o p y e d i t e d
5 as compared to 29 for the conventional walls. This should be kept in mind when interpreting results. All specimens were built in a specially-designed fixture that was used to align lumber properly and to minimize differences between test specimens.
Data Analysis Procedures
All load-deflection curves were corrected to remove the effect of relative motion between the loading ram and the top plate of the wall. ASTM E564 allows for the possibility of using uplift and deflection at the base to correct for rigid body translations and rotations. This correction was not made because the behavior of interest is the as-installed behavior of the wall. Uplift and sliding at the base were still recorded to monitor test data for anomalies but none were observed. Uplift was roughly linear with top plate deflection and did not exceed 11 mm (0.43 in) in any of the tests. Sliding of the bottom plate did not exceed 3.3 mm (0.13 in) in any of the tests. In addition to the correction discussed previously, monotonic data were also smoothed lightly to remove noise.
Cyclic load-deflection curves were further processed to find the envelopes (backbone curves) in both directions of loading. Envelopes are often computed by manually picking the peak load and corresponding deflection for each major load cycle. This can result in some of the original data falling outside the envelope. For this paper a more sophisticated algorithm was employed to find envelopes that wrap around the data exactly. The cyclic load-deflection curves were also used to compute energy dissipation due to hysteresis. This was accomplished by using the trapezoidal rule to integrate the signed area between the curve and the horizontal axis.
As allowed by ASTM E2126, an average load-deflection curve was computed for each specimen type by averaging the force values at each value of deflection for each specimen type. Minimum and maximum curves were computed in a similar way. For each specimen type, the average, minimum, and maximum curves were calculated up to the smallest of the measured final deflections in each test.
Averages for monotonic curves were computed directly from the corrected load-deflection data.
Averages for cyclic tests were computed using two envelopes for each test.
The average curve for each of the ten specimen types was used to determine representative parameters. These include load and corresponding deflection at the peak, at 40% of the peak (prior to reaching peak), and at 80% of the peak (after reaching peak). These are denoted P u , Pu , P 40 , P40 , P 80 , M a n u s c r i p t
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6 and P80 , respectively, and shown in Fig. 6 . The deflection P80 , which indicates the deflection at which significant load-carrying capacity is lost, was defined as the ultimate displacement, even in the absence of catastrophic failure. Secant stiffness was computed at each of the load levels by dividing load by deflection. The stiffnesses are denoted G u , G 40 , and G 80 , for Pu , P40 , and P80 , respectively. Lastly, the equivalent energy elastic-plastic (EEEP) curve was computed as defined by ASTM E2126. The EEEP curve is defined by the points (0,0), ( y ,P y ), and ( P80 , P y ). The yield load P y is computed so that the area underneath the EEEP curve is the same as the area under the recorded curve (ignoring data beyond P80 ).
The EEEP curve is forced to go through the point ( P40 , P 40 ) by defining the deflection y as P y / G 40 . The EEEP curve is used to provide an idea of ductility through a ductility ratio D = P80 / y . The EEEP curve is also shown in Fig. 6 .
For each DIC target only the out-of-plane component was used. Because the targets protruded from the specimen, vertical and longitudinal deflection were prone to error due to rotation. Despite this, the horizontal deflections measured in the top plate were very close to the actuator deflection, which provides confidence in the DIC data. For each stud that was instrumented, the out-of-plane deflection at mid-height was used directly as recorded.
RESULTS AND DISCUSSION
Overall results are provided in Fig. 7 , which displays shaded areas defined by the minimum and maximum curves for each specimen type, Table 3 , which details the observed failure modes for each test, and 
Monotonic test without GWB:
The load-deflection plots (Fig. 7a) and the ultimate values in Table   4 indicate that the strength of the C4 specimens was greater, followed by the C6 and then the SS. The shaded areas overlapped for all specimens indicating that differences between specimens were minor.
Ultimate strength was lower than the code value for all three specimens. At low deflections, a larger stiffness was recorded for the C6 specimens. The different specimen types differed significantly in terms of ultimate displacement. This is seen both in Fig. 7a and in the 80% post peak values in Table 4 . In SS walls failure occurred as early as 75 mm (3 in) of displacement, in C4 specimens around 100 mm (4 in), M a n u s c r i p t
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7 and in C6 specimens nearly at 130 mm (5 in). In the latter case 20% of the strength was lost by about 100 mm (4 in) of displacement. In all cases, the same two distinct failure modes were observed for each specimen type. One failure mode consisted in separation of framing members, which let to excessive loading in the sheathing nails and a rapid failure. The other failure mode was a more gradual process of bending and pull-out of the sheathing nails. Both failure modes are seen in Fig. 8 . The variability of deflection at which the separation of framing occurred was responsible for the variability in failure deflection. The EEEP values in Table 4 indicate that the ductility factor of the C6 specimens was greater than the other two types, but in this case the ductility factor is less representative of a large ultimate deflection and more so of large initial stiffness.
Monotonic tests with GWB:
The load-deflection plots (Fig. 7b) illustrate that the C6 and SS specimens had similar peak behavior, but that at the peak the C4 specimens varied significantly (the difference in strength between C4 tests was less than 15%, which is within the acceptable limits of ASTM E564). At lower deflections, all specimens had similar stiffness of between 1.8 kN/mm (10 kip/in) and 1.9 kN/mm (11 kip/in). Both types of conventional walls failed between 75 mm (3 in) and 100 mm (4 in), while the SS wall did not experience catastrophic failure. Because of this the EEEP values indicate a higher ductility factor for the SS walls. Similar failure modes were observed in the OSB for these walls as in the test without GWB. The post-peak slope of the SS specimens is noticeably less steep than the other specimen types indicating that the SS walls maintained strength better at larger deflections.
Comparing differences between specimens with and without GWB (Fig. 9) , the conventional walls follow the expected pattern of higher strength and lower ductility when GWB is added. The SS walls, although exhibiting the expected increase in strength, also exhibited large increases in ductility.
Out-of-Plane Motion in Monotonic Tests:
The out-of-plane deflection prior to failure was less than 8 mm (0.3 in) in all tests but one, which experienced deflections up to 13 mm (0.5 in). Nearing failure, studs in several of the tests suffered larger deflections due to lack of lateral restraint once framing members separated. As seen in Fig. 8 , this allowed the OSB to pull the stud laterally as the bottom row of sheathing nails failed, forcing the OSB and hence the stud away from the wall. The recordings of out-
of-plane deflection demonstrate decoupling between both sides of the SS walls. A typical example is shown in Fig. 10 . Very small deflections were recorded during the ascending part of the load-deflection M a n u s c r i p t
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8 curve. During the descending branch (post-peak), deflection in the two studs attached to the OSB changed suddenly. As each of the studs separated from the bottom plate, and as the failure in the sheathing nails progressed towards the center of the wall, each of the studs pulled away from the wall, in one case up to 15 mm (0.6 in). In contrast, the stud connected to the GWB remained relatively steady, deflecting less than 2 mm (0.1 in). Although the studs attached to the GWB were not pulled laterally due to failure of studs on the other side, they were also unable to provide restraint that might have mitigated the effects of failure. Despite these results, the deflections of the studs were not associated with any sudden change in capacity, suggesting that the differences, although interesting, are not of practical importance. Further investigation is necessary to determine whether out-of-plane deflections might indicate greater susceptibility to buckling of the partially-supported studs in the presence of gravity loads.
Cyclic Tests:
There was significant overlap in the load-deflection envelopes ( Fig. 7c and Fig. 7d) , especially for the tests without GWB. In both cases, as indicated both by the plots and the ultimate values, the ultimate strength of the SS walls was slightly larger. The ultimate strength of all specimens exceeded code capacity. At smaller deflections, the stiffness of the SS walls was also higher. No catastrophic failure occurred in any of the cyclically loaded walls. All specimen types reached 80% of peak strength around 100 mm (4 in) of displacement. Ductility factors were all between 8 and 9, except for SS walls with GWB, which had a larger ductility factor. This is due mostly to the larger value of P80 in these tests and to a lesser extent the larger initial stiffness. Consistent with observations in the monotonic tests, the SS walls in the cyclic tests also exhibited an increase in ductility when GWB was added (Fig. 9) . Energy dissipation (Fig. 11) was the same in SS and C6 walls without GWB. Walls with GWB dissipated more hysteretic energy, but the SS walls much more so, potentially due to the greater number of drywall screws.
Summary of Relevant Results:
As compared to conventional walls, monotonically-loaded SS walls had lower ductility and a smaller failure deflection. While the ductility of conventional walls decreased when GWB was added, it increased for SS walls. In monotonic tests with GWB, SS walls lost strength more slowly than conventional walls. In cyclic tests, SS walls with GWB dissipated more hysteretic energy than conventional walls. Out-of-plane measurements indicate that the two sides of SS walls were decoupled, but this was not linked to any noticeable change in the load-deflection curve.
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CONCLUSIONS
This study compared the performance of staggered stud and conventionally framed walls, using typical details for residential construction. The fundamental conclusion is that, for the nail spacing, nail type, and sheathing used, there is no significant reason to reject staggered stud walls on the basis of seismic performance. While some differences were observed in the behavior of staggered stud and conventional walls, none of the differences presented significant concerns or benefits. Care should be taken not to extend the results to nail spacing, nail type, sheathing type, and sheathing arrangements that
were not tested; nor should results be extended to walls with large gravity loads. Additional testing may be necessary to establish conclusively the safety of staggered stud walls. Within these constraints, given the similarity in performance, adequate strength and ductility, and the improved energy efficiency of up to 58% as compared to conventional walls, there is good reason to consider their use in residential construction. The benefits in energy efficiency of SS walls must be weighed against the potential difficulty of construction and increased material use. In addition, use of SS walls should be viewed in conjunction with other energy-saving strategies such as air sealing, energy-efficient windows, and appropriately sized mechanical systems (APA, 2008) . Beyond the staggered stud walls tested in this study, efforts to improve residential energy efficiency will see continued attempts at innovation in wood framing, e.g., fitting rigid foam insulation between the framing and structural sheathing (APA, 1999), or revival of older framing techniques, e.g., diagonal bracing of walls with rigid insulation (Fisette, 1993) .
Whatever the proposed system, researchers, engineers, code officials and builders are encouraged to consider carefully the disaster resilience of structural systems when trying to reduce the impacts of buildings on the environment. 
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